The objective of this study was to develop a multiparametric flow cytometry assay to simultaneously quantify isolated pancreatic islet cell viability, apoptosis, and glucose-induced metabolic flux. INS-1 and rat islet β-cells were stained with fluorescent probes for cell viability (ToPro3), apoptosis (Annexin V and VADFMK), and intracellular calcium (Ca 2+ i ) (Fura Red), stimulated with glucose, and analyzed on a FACS Vantage TM flow cytometer. Glucose-induced metabolic activity was indicated by changes in Fura Red fluorescence and the autofluorescence of the pyridine [NAD(P)H] and flavin (FAD/FMN) nucleotides. Rat islets cultured under conditions of proinflammatory cytokine-induced oxidative stress were evaluated by flow cytometry and transplantation into diabetic mice. INS-1 and rat islet β-cell health and metabolic activity were quantified in response to elevated glucose dose and inhibitors of glycolysis and mitochondrial function. Changes in metabolite fluorescence were converted to an area under the curve (AUC) value. Rat islets cultured under oxidative stress conditions showed decreased viability, increased apoptosis, and decreased glucose-induced metabolic activity indicated by reduced AUC for pyridine and flavin nucleotides and Ca 2+ i . Reduced metabolite AUC measured by flow cytometry correlated with the inability to reverse diabetes in mice. Single cell flow cytometry can simultaneously quantify both overall islet cell health and β-cell glucose responsiveness as indicators of functional potency.
INTRODUCTION
imbalance, excessive reactive oxygen species production, mitochondrial membrane depolarization, cytochrome c release, and activation of caspase family cysteine proPancreatic islets of Langerhans are multicellular aggregates that function as endocrine miniorgans to faciliteases, which induce apoptosis (5, 17, 20) . These facts necessitate the development of accurate methods of detecttate the regulation of blood glucose levels (2,8). The major islet cell constituents are β-and α-cells that produce ing and quantifying alterations in islet viability and functional potency. hormones with counterbalancing actions. Insulin secreted by β-cells stimulates glucose uptake by tissues while
The current model of glucose-stimulated insulin secretion links activation of glycolysis, mitochondrial meglucagon secreted by α-cells induces glucose release. Patients with type 1 diabetes suffer from insulin defitabolism, increases in the ATP/ADP ratio, plasma membrane depolarization, calcium flux, and activation of ciency and hyperglycemia as a result of the autoimmune destruction of islet β-cells. Studies of isolated islets have second messenger pathways to insulin granule exocytosis (14). Key metabolites in this process are the pyrled to both a greater understanding of islet biology and the development of islet transplantation as a treatment idine and flavin nucleotides, which are autofluorescent when excited by specific wavelengths of light (3). Changes for patients with type 1 diabetes (26).
Successful isolation of intact islets is difficult and in the redox states of these molecules are coupled not only to the process of insulin secretion by islet β-cells compounded by donor-specific variables, cold ischemia time, and isolation-induced stresses that negatively im- (18) , but also the functional state of mitochondria (22) . Moreover, NAD(P)H levels within β-cells have been pact cell viability and function. The work of many islet researchers supports a model in which ischemia and the shown to correlate quantitatively with glucose response and insulin release (4, 24, 25) . We hypothesized that islet isolation procedure itself cause intracellular redox state quality could be assessed comprehensively by combin-2-h incubation in this buffer at 37°C in a 5% CO 2 /95% air incubator. The basal KRB was removed and replaced ing the detection of markers of necrosis and apoptosis with glucose-induced changes in cellular metabolites by 1 ml of oxygen-saturated KRB containing either 0, 3.3, 16.7, or 28 mM D-glucose. The glucokinase specific that are linked to insulin secretion and mitochondrial health. Using single cell flow cytometry, we simultaneinhibitor D-mannoheptulose (20 mM) (Glycoteam GmbH, Hamburg, Germany) was added to one set of wells and ously quantified changes in pyridine and flavin redox states, calcium flux, membrane integrity, and apoptosis to a second set the mitochondrial complex 1 inhibitor rotenone (100 nM) (Sigma-Aldrich) was added. After 2 within INS-1 β-cells and rat islets dispersed into single cells. Islet potency measured in vitro was compared with h of incubation at 37°C in a 5% CO 2 /95% air incubator the supernatants were harvested and assayed for secreted in vivo function assessed by transplantation under the kidney capsule of streptozotocin-induced diabetic immuinsulin by ELISA (Linco Research Inc., St. Charles, Missouri). nodeficient NOD.scid mice.
Multiparametric Flow Cytometry Assessments

MATERIALS AND METHODS
INS-1 cells and rat islets were dispersed into single
INS-1 Cell Culture
cell suspensions by incubation with trypsin (0.05%) and INS-1 cells were obtained as the kind gift of Dr. Chris-0.53 mM EDTA at 37°C for 5 min followed by passage topher Newgard (Duke University) and were cultured at through a narrow gauge pipette tip. Dispersed cells (1.0 37°C in a 5% CO 2 /95% air incubator in RPMI-1640 me-× 10 6 per sample) were suspended in oxygenated KRB dium supplemented with 10% FBS, 2 mM L-glutamine, 1 containing 3.3 mM glucose and stained with Annexin V mM sodium pyruvate, 50 mM 2-mercaptoethanol, 25 mM PE (Invitrogen, Carlsbad, CA), VADFMK FITC (Pro-HEPES, and 100 U/ml penicillin/100 mg/ml streptomycin mega, Madison, WI), and Fura Red (Invitrogen) for 30 (9). min in a 37°C incubator with 5% CO 2 . VADFMK FITC and FAD emission were detected at tized animals, followed by pancreatectomy and digestion 530 nm, the Annexin V PE emission was detected at at 37°C for 15-20 min. Following digestion islets were 585 nm, and the Fura Red emission was detected at 660 purified by centrifugation on a discontinuous Ficoll granm. The endogenous NAD(P)H was excited by a multidient. Rat islets were cultured at 37°C in a 5% CO 2 /95% line UV laser and emission detected at 450 nm. The air incubator in CMRL 1066 supplemented medium ToPro3 dye was excited by a 633 nm HeNe laser and (Mediatech, Herndon, VA) containing 10% fetal bovine emission detected at 660 nm. The flow cytometer was serum. To induce oxidative stress and apoptosis, rat ismodified with a warming bath that allowed maintenance lets were cultured for 48 h in medium supplemented of sample temperature at precisely 37°C during data acwith TNF-α (1000 U/ml), IFN-γ (1000 U/ml), and ILquisition. All samples were held in a 37°C incubator 1β (50 U/ml) (R&D Systems, Minneapolis, MN) or 100 with 5% CO 2 for less than 1 h prior to being analyzed. nm rotenone (Sigma-Aldrich).
For the kinetic assessment of glucose response, data were acquired at a rate of ϳ300 events/s for 3 min at a Glucose Stimulated Insulin Secretion Assays (GSIS) glucose concentration of 3.3 mM; glucose was then added to the sample to increase the concentration to 16.7 INS-1 cells were seeded in 24-well plates at a density of 0.5 × 10 6 cells/well in culture medium containing 11 mM. Data were then acquired for an additional 12 min to assess changes in endogenous NAD(P)H and FAD/ mM glucose. After 24-h incubation at 37°C in a 5% CO 2 /95% air incubator, the medium was replaced with FMN autofluorescence, and Fura Red. As a positive control for calcium flux, ionomycin (1 µM) (Invitrogen) culture medium containing 5.5 mM D-glucose. At day 2 of culture, INS-1 cells were washed once with oxygen was added to the sample during the last 2 min of data acquisition. Each kinetic assessment was based upon a (95% O 2 /5% CO 2 )-saturated basal Krebs-Ringer Buffer (KRB, 137 mM NaCl, 4.7 mM KCl, 1.2 mM KH 2 PO 4 , flow data file containing on average ϳ300,000 events. Data were analyzed using Flo Jo software (Treestar Inc. 1.2 mM MgSO 4 -7H 2 O, 2.5 mM CaCl 2 -2H 2 O, 25 mM NaHCO 3 , 0.25% BSA, 3.3 mM glucose) followed by a Ashland, OR).
In Vivo Islet Functional Assessment cose. The INS-1 cells showed a rapid and sustained response to high glucose challenge with NAD(P)H au-NOD.scid male mice, purchased from Jackson Labotofluorescence increasing on average 100% over basal, ratory (Bar Harbor, MA), were used as islet recipients flavin autofluorescence decreasing 5% under basal, and following guidelines established by the University of Fura Red fluorescence decreasing 10% under basal. The Wisconsin-Madison Institutional Animal Care and Use calcium ionophore ionomycin was added over the last 2 Committee. Diabetes was induced by single IP injection min of the assay as a positive control for calcium flux. of 150 mg/kg streptozotocin (Sigma-Aldrich Corp.).
To demonstrate the specificity and sensitivity of the Glucose was measured daily using an Ascensia Elite assay, glucokinase activity was inhibited by mannohepglucometer (Bayer, Burr Ridge, IL). Mice were considtulose and mitochondrial complex I activity in the elecered diabetic if nonfasting blood glucose (BG) was >350 tron transport chain was blocked with rotenone ( Fig. 1 ). mg/dl for 3 consecutive days. Mice were anesthetized Mannoheptulose treatment reduced glucose induced by 2% isoflurane and islets were implanted underneath NAD(P) + reduction by 80-100% and completely blocked the kidney capsule. Blood glucose was measured for a downstream FAD/FMN reduction and calcium flux. Rototal of 30 days after transplantation. The restoration and tenone treatment led to a doubling of the basal level of maintenance of normoglycemia due to islet graft func-NAD(P)H autofluorescence (data not shown), inhibited tion was proven by removal of the graft-bearing kidney additional glucose-induced reduction by 80%, and comwith return to the hyperglycemic state within 24 h.
pletely blocked FAD/FMN reduction and calcium flux.
Data Analysis and Statistics
Quantification of Glucose-Induced Metabolic Flux Area under the curve (AUC) calculations of kinetic in INS-1 Cells flow cytometry data were calculated using GraphPad
To allow direct comparison of the levels of glucosePrism software (GraphPad Software, Inc., San Diego, induced metabolic flux measured by flow cytometry be-CA). Determination of statistical significance was pertween assays and treatment groups, the normalized formed by one-way ANOVA with Bonferroni's Multiple changes in fluorescence were converted to an AUC Comparisons Test to calculate p-values between groups value. The AUC for changes in each metabolite was calusing GraphPad Prism software. A value of p < 0.05 calculated for the 10-min period following the increase in culated by this method is significant after adjusting for extracellular glucose (Fig. 2) . The metabolic flux, repremultiple comparisons.
sented by AUC values, of untreated INS-1 cells in response to 28 mM glucose, were greater than those at RESULTS 16.7 mM, although the differences did not reach statistiMeasurement of Glucose-Induced Metabolic Activity cal significance. However, the inhibitory effects of in INS-1 Cells mannoheptulose and rotenone treatment on 16.7 mM glucose-induced pyridine reduction were statistically The rat insulinoma β-cell line INS-1 was chosen for initial validation experiments because of its well-characsignificant (p < 0.01), while 28 mM glucose-induced metabolic activity was significantly reduced (p < 0.05) terized glucose responsiveness and ease of in vitro culture (9). The typical viability of INS-1 cell preparations for all three measured metabolites. The link between glucose-induced mitochondrial metabolism and insulin tested was >90% and the level of apoptosis <10% (data not shown). Glucose-induced metabolic flux was measecretion by INS-1 cells was demonstrated by static incubation assays in which the insulin secretory activity sured by changes in the total cellular autofluorescence of the pyridine (NAD(P)H) and flavin (FAD/FMN) nuof plate-bound INS-1 cells was tested in the presence of mannoheptulose or rotenone (Fig. 3) . The quantity of cleotides and the fluorescence of Fura Red (calcium) over a period of 15 min (Fig. 1) . Reduction of the pyriinsulin secreted by INS-1 cells was reduced fivefold by both inhibitors when compared to untreated controls dine nucleotides NAD(P) + → NAD(P)H was detected by increased UV excited 450 nm autofluorescence while (p < 0.05). reduction in flavin nucleotides FAD/FMN → FADH 2 / Measurement of Glucose-Induced Metabolic Activity (Fig. 4) . Flow cytometric identification of rat islet β-cells based upon flavin autofluorescence and forward light scatter parameters is a well-established
Comparison of the measured metabolic flux responses for rat islet β-cells demonstrated that the flow technique (23, 29) . The percentage of rat islet cells defined as β-cells by this gating strategy averaged 55-cytometric method could precisely detect the effects of increasing glucose concentration (3.3 mM vs. 16.7 or 28 75%. To validate that the gate region did identify primarily β-cells, we flow sorted cells within the gate mM), inhibited glucokinase activity or abnormal mitochondrial redox state. To further validate the method we region from both untreated and cytokine-treated islets and subjected them to immunohisotchemical staining for measured β-cell metabolic flux responses of rat islets cultured under conditions of oxidative stress. In vitro insulin. By this method greater than 85% of cells from both treatment groups were insulin positive (data not cytokine treatment of islets activates intracellular stress pathways that increase ROS and lead to apoptosis (1,6). shown), which is in agreement with publications by others using this method. Consistent with the data acquired Rotenone is a mitochondrial respiratory chain complex I inhibitor that induces ROS formation and is considered with INS-1 cells, rat islet β-cells showed rapid and sustained changes in all three cellular metabolites following an in vitro chemical model of hypoxia (12,16). Rat islets were cultured in the presence of cytokines (TNF-α, IFNglucose challenge (Fig. 5 ). As observed with INS-1 cells, the NAD(P)H flux of untreated rat islet β-cells γ, and IL-1β) or rotenone (100 nM) for a total of 48 h after which time viability, apoptosis, and glucoseexposed to 28 mM glucose was on average greater than the response to 16.7 mM, although the AUC differences induced metabolic flux were assessed ( Table 1 ). The flow cytometry data analysis was restricted to β-cells did not reach statistical significance. In contrast, pretreatment with mannoheptulose or rotenone significantly that were either viable or apoptotic, but not necrotic. Oxidative stress induced by cytokines or rotenone re-(p < 0.05) reduced glucose-induced metabolic flux for all three measured metabolites at both glucose doses sulted in significant reductions in β-cell viability and increases in apoptosis as measured by ToPro3, Annexin when compared to untreated controls. Data shown are the mean ± SD for nine (untreated and cytokines) and five (rotenone) separate experiments. *Rat islets were placed in culture at 37°C for 48 h either untreated or in the presence of cytokines (TNF-α 1000 U/ml, IFN-γ 1000 U/ml, and IL-1β, 50 U/ml), or 100 nm rotenone. V, and VADFMK staining when compared to untreated recipients and the average daily blood glucose values were significantly greater when compared to untreated controls (p < 0.001). Glucose-induced NAD(P)H reduction was significantly (p < 0.001) decreased by cytokine controls (p < 0.05). and rotenone treatment in viable β-cells. However, fla-DISCUSSION vin and calcium responses of cytokine and rotenonetreated viable β-cells, although decreased when comThe objective of this study was to utilize single cell flow cytometry to develop a multiparametric assay that pared to untreated controls, were not statistically significant. The glucose-induced NAD(P)H responses of could rapidly provide quantitative data about islet cell health and functional potency. Previous publications by apoptotic β-cells were reduced when compared to viable nonapoptotic β-cells in the untreated and cytokineothers have demonstrated that single cell flow cytometry can be utilized successfully to quantify β-cell viability treated groups (p < 0.05). The flux responses of viable and apoptotic β-cells treated with rotenone did not differ and apoptosis (10). Islet oxygen consumption rate (OCR) has been shown to serve as a surrogate marker for mitosignificantly for any of the measured metabolites. In addition, none of the glucose-induced responses of apoptochondrial health and islet functional potency (7, 19) . We hypothesized that a comprehensive assessment of islet tic β-cells showed significant differences between the three treatment groups. quality could be obtained by simultaneous flow cytometry measurement of both static cell properties (membrane The in vivo functional potency of four of the nine rat islet preparations treated ± cytokines and assessed by the integrity, caspase activation, and phosphatidyl serine translocation) and the kinetic properties of glucose-induced flow cytometric method were tested in parallel by transplantation of 500 IEQ aliquots into streptozotocin-induced glycolytic and mitochondrial flux. Glucose-induced metabolic activity was assessed by quantification of the ladiabetic immunodeficient NOD.scid mice (Fig. 6) . Cytokine-treated rat islets were unable to lower blood gluser light-excited autofluorescence of the reduced forms of the pyridine nucleotides NAD(P)H, the oxidized forms cose to <200 mg/dl in the majority of diabetic mouse of the flavin nucleotides FAD/FMN, and fluorescent calcentration to eliminate spectral overlap in the multicolor staining scheme. However, its modest change in fluorescium probe Fura Red. Measurement of cellular metabolite concentration has been a long-standing tool of solid cence (10-20%, Fig. 1 ), like detection of oxidized flavin autofluorescence, limits the precision by which it can be organ preservation research (21) , and quantification of pyridine, flavin, and calcium changes following glucose quantified.
As measured by the flow cytometry assay, INS-1 stimulation of β-cells has served as an essential technique for discovery of both the linkage between glucose cells and primary explant rat islet β-cells responded to elevated extracellular glucose with rapid and sustained and insulin secretion, and the role of mitochondria in beta cell function (11, 13, 15, 28) .
changes in all three [NAD(P)H, FAD/FMN, and Ca 2+ i ] metabolites. The specificity of the assay was demonstrated Our multiparametric flow cytometry assay was modeled after in vitro perifusion and static incubation assays in both cell types by the ability to block glucose-induced metabolite flux using the glucokinase-specific inhibitor of intact islet function. The assay utilizes a total of 2000 islet equivalents to produce 0.5-1 million cells per sammannoheptulose and the mitochondrial complex I toxin rotenone. The inhibition of insulin secretion by INS-1 ple. Change in the autofluorescence of NAD(P)H was the most accurately and reproducibly measured metacells after treatment with mannoheptulose and rotenone further demonstrated the linkage between metabolic flux bolic parameter. This is likely due in part to the fact that glucose oxidation through glycolysis and the citric acid and beta cell function. We hypothesized that quantification of glucose-induced cycle yields a fivefold greater quantity of NADH compared to FADH 2 . Therefore, the ability to discern small mitochondrial metabolism in islet β-cells could be used to diagnose comprehensively viability and functional differences in reduced pyridines and oxidized flavin quantity is limited by their intracellular concentrations potency. Using the flow cytometry assay we quantified the glucose-induced metabolic activity of rat islets culand weak fluorescence emission. Fura Red was chosen as the fluorescent probe for intracellular calcium contured under conditions of oxidative stress. Treatment of β-cells represents a transition state prior to apoptosis.
